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Key Points:
• The Parker Solar Probe (PSP) FIELDS instrument measures millisecond volt-
ages impulses associated with dust impacts
• The sign of the largest monopole voltage response is a function of the spacecraft
floating potential
• These measurements are consistent with models of dynamic charge balance
following dust impacts
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Abstract
When a fast dust particle hits a spacecraft, it generates a cloud of plasma some of
which escapes into space and the momentary charge imbalance perturbs the space-
craft voltage with respect to the plasma. Electrons race ahead of ions, however both
respond to the DC electric field of the spacecraft. If the spacecraft potential is pos-
itive with respect to the plasma, it should attract the dust cloud electrons and repel
the ions, and vice versa. Here we use measurements of impulsive voltage signals
from dust impacts on the Parker Solar Probe (PSP) spacecraft to show that the peak
voltage amplitude is clearly related to the spacecraft floating potential, consistent
with theoretical models and laboratory measurements. In addition, we examine some
timescales associated with the voltage waveforms and compare to the timescales of
spacecraft charging physics.
Plain Language Summary
When a fast, interplanetary dust particle hits a spacecraft, it generates a shock
in the spacecraft material that liberates a hot, ionized plasma. Some of the plasma
ions and electrons return immediately to the spacecraft, but some escape into space.
The momentary charge imbalance created by the different ion and electron speeds
generates a transient perturbation to the voltage of the spacecraft. However, these
electrons and ions can be attracted or repelled depending on the DC electric field
of the spacecraft itself. In this paper, we show this effect clearly: when the spacecraft
floating voltage is negative with respective to the interplanetary plasma, the electrons
from the dust impact are repelled and vice-versa.
1 Voltage signatures of dust impacts on spacecraft
Plasma wave electric field measurements in space have proven to be powerful
diagnostic of planetary (Scarf et al., 1983; Gurnett et al., 1987; Meyer-Vernet et al.,
2009; Ye et al., 2014) and interplanetary (Gurnett et al., 1997; Zaslavsky et al., 2012;
Malaspina et al., 2014; Kellogg et al., 2016) dust processes. A hypervelocity dust
impact onto the spacecraft body or antenna produces a plasma cloud and the mo-
mentary charge imbalance generates a rapid perturbation to the spacecraft floating
potential. Some of the resulting plasma is recollected by the spacecraft and some of
it escapes, depending on the energy of the ions and electrons and the spacecraft-to-
plasma electric potential. Monopole (probe-to-spacecraft) or dipole (probe-to-probe)
voltage measurements will record millisecond-timescale spikes and/or their spectral
content. These effects have been explored in several recent papers (Zaslavsky, 2015;
Vaverka et al., 2017; Kellogg et al., 2018; Vaverka et al., 2019; Kellogg et al., 2020) and
recently reviewed by Mann et al. (2019).
During the first PSP solar encounters, PSP/FIELDS measurements of dust im-
pact rates were used to map the radial variation the flux of the interplanetary dust.
Page et al. (2020) used dipole voltage signals to infer the dust velocity vector and
comparison with models (Szalay et al., 2020) suggests that this dust population is
consistent with β micrometeoroids on exiting hyperbolic orbits. Malaspina et al.
(2020) compared data from Encounters 1-3 to show that the population is variable
and probably has its source between 10-30 RS. While the PSP/WISPR instrument
saw the beginnings of a decrease in F corona intensity (Howard et al., 2019).
Here we examine the sign of the monopole antenna measurements from the
PSP/FIELDS instrument; these observations show that the spacecraft voltage pertur-
bation is influenced by the initial spacecraft potential itself. If the spacecraft is initially
negatively charged, it will attract more ions and repel more electrons from the plasma
cloud producing a large positive perturbation. If initially positively charged, the op-
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posite occurs and returning electrons produce a large negative polarity spike. We also
examine some typical timescales associated with these perturbations and suggest that
they are associated with the escape process.
2 Parker Solar Probe Measurements
The Parker Solar Probe (PSP) mission (Fox et al., 2016) was launched in August
2018 into an orbit that will take it deep into the inner heliosphere with a final perihe-
lion distance of 9.8 RS from the center of the Sun. This study uses measurements from
the PSP/FIELDS (Bale et al., 2016) and the PSP/SWEAP (Kasper et al., 2016) instru-
ments primarily from PSP Encounter 2, between March 23, 2019 and April 13, 2020 to
investigate the role of the spacecraft floating (DC) voltage on the voltage signature of
dust impacts onto the spacecraft. Perihelion of Encounter 2 was on April 5, 2019 at
≈ 35.7 solar radii (RS).
Our primary measurements are made by the Time Domain Sampler (TDS) sub-
system of the PSP/FIELDS instrument (Bale et al., 2016) . The TDS makes rapid sam-
ples of waveforms with simultaneous sampling of five analog channels which can
be selected from dipole antennas pairs, monopoles, or a high-frequency search coil
magnetometer (Bale et al., 2016). During PSP Encounters 2 and 3 (used here), the
TDS was configured to sample at 1.92 MSa/s and produce 32768-point waveform
’events’; therefore each TDS event is 17.067 ms in duration. In addition to the TDS
waveform events, the TDS records a ’TDS Max’ value each 7 seconds during nominal
encounter mode. The TDS Max value is the signed extreme of the entire datastream
during the interval and is dominated by the large voltage signatures of dust impacts.
We use TDS measurements of the voltage between the ’V2’ monopole antenna
and spacecraft ground VG and we call this measurement δV2 = V2 − VG. The δ
emphasizes the fact that the TDS measurement is band-pass filtered (i.e. not DC-
coupled); the TDS system has a flat gain and phase response from 1 kHz to 1 MHz
(1 ms - 1 µs) and the waveforms shown here have not been corrected with a transfer
function, which will not change our results on these timescales. The measurement
represents the voltage perturbation between the probe-spacecraft system. Note that
a positive perturbation of the spacecraft ground/potential at a fixed probe potential
is measured as a negative voltage impulse in δV2. The V2 monopole is mounted near
the plane of the spacecraft heatshield at − cos(55◦)xˆ− sin(55◦)yˆ in the spacecraft co-
ordinate system. During PSP solar encounter, the spacecraft xˆ axis points southward
and the yˆ axis points approximately in the ram direction, therefore the V2 monopole
is on the anti-ram side during the normal solar encounter configuration (Bale et al.,
2016). The PSP/FIELDS electric antennas are 2m long, 1/8” diameter thin-walled
tubes of C103 Niobium alloy and have a free space capacitance of CA ∼ 18pF and a
system stray (base) capacitance of CB ∼ 26pF (Pulupa et al., 2017). The (post-anneal)
photoelectron threshold of C103 Niobium is E103 ∼ 4.72 eV (Diaz-Aguado et al.,
2019) and we assume a photoelectron temperature of Tph ∼ 1.5 eV.
For PSP Encounters 1 and 2, TDS was programmed to capture waveforms with
the largest absolute amplitude and that algorithm returned predominantly dust im-
pact events. For Encounter 3, a new algorithm was implemented that favors a com-
bination of large amplitude and a large number of zero-crossings. This algorithm
generated primarily plasma wave events during Encounter 3. Figure 1 is a histogram
of both minimum and maximum amplitude from 511 waveform events on September
1, 2019 of Encounter 3 near perihelion. All of these events are plasma waves, as iden-
tified by eye, and it can be seen that none exceed ± 25 mV amplitude. We therefore
choose± 25 mV as our threshold beyond which we consider our measurements to be
dust impacts, rather than plasma waves. Page et al. (2020) used a threshold of 50 mV,
which produces qualitatively similar results for this analysis, but fewer counts.
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Figure 1. Histogram of minimum and maximum waveform amplitudes on the V2 monopole
during Encounter 3 on September 1, 2019 (R < 36 RS), comprising 511 waveform events each rep-
resented here with a maximum and minimum data value. Encounter 3 uses a burst waveform
selection algorithm that selects plasma waves, rather than dust impacts. The measurements here
represent a mix of ion acoustic, electrostatic whistler, and Langmuir waves. Dotted vertical lines at
± 25 mV are our threshold for dust events during Encounter 2.
Our ’spacecraft potential’ measurement VSC is computed as the negative of the
average DC-coupled voltage on all four monopole antennas VSC = −(V1 + V2 +
V3 + V4))/4 from the Digital Fields Board (DFB) subsystem (Malaspina et al., 2016).
The voltage probes Vi are current-biased to hold them near the local plasma poten-
tial, therefore this quantity should represent the floating potential of the spacecraft
(Pedersen, 1995; Guillemant et al., 2012). However it is important to note that the PSP
heatshield on the sunward side of the spacecraft is not directly electrically connected
to the spacecraft body itself; electrical coupling between the heatshield and space-
craft body is carried by plasma and body currents only. Therefore this measured
VSC may not represent the true floating potential of the entire heatshield-spacecraft
system. Furthermore, modeling has suggested that for very high photoelectron den-
sities, space-charge effects may produce a double layer at the sunward surface of the
heatshield and a plasma wake behind that may modify its floating potential (Ergun
et al., 2010; Guillemant et al., 2012). Note that we differentiate VSC from VG; VSC is
the DC-coupled spacecraft potential measured by the DFB, while VG is the spacecraft
potential reference for the TDS band-passed δV2 measurement.
We also use electron (total plasma) density and electron core temperature mea-
surements produced from an analysis of the quasi-thermal noise spectrum (Meyer-
Vernet & Perche, 1989) during PSP Encounter 2. This technique was also applied to
Encounter 1 data and described in Moncuquet et al. (2020). Ion temperature mea-
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surements are derived from SWEAP instrument moment calculations of the total ion
distribution from the Solar Probe Cup instrument (Kasper et al., 2016; Case et al.,
2020).
3 Results
Figure 2 shows an overview of PSP Encounter 2 measurements from March 27
to April 13, 2019. The top panel [a] is the total plasma density ne measured from the
plasma frequency peaks in the quasi-thermal noise spectrum (Meyer-Vernet & Perche,
1989; Moncuquet et al., 2020). The density reaches a peak value of around ne ∼ 600
cm−3 on April 3 at r ∼ 39 RS. Panel [b] is the spacecraft potential VSC as described in
Section 2 above, colored for polarity (red > 0, blue < 0), the values range between -4
and +4 Volts. Note that higher plasma density intervals correspond to more negative
spacecraft floating potential, as expected (Pedersen, 1995). Panel [c] shows the num-
ber of dust events in 30 minute intervals, assuming that TDS Max values of |V2| > 25
mV are attributable to a dust impact and shows the trend of increasing dust impacts
with radial distance as shown previously (Page et al., 2020; Malaspina et al., 2020;
Szalay et al., 2020). Panel [d] is the number of positive polarity dust events (V2 > 25
mV) per 30 minutes, with red dots indicating intervals of positive VSC from panel [b]
and panel [e] is the number of negative polarity dust events (V2 < -25 mV) with blue
dots indicating intervals of negative spacecraft potential. The bottom panel [f] shows
the bias current applied to the V2 antenna, indicating an interval of no bias, as well as
times when the fixed bias was disabled during bias current calibration sweeps. The
sweep intervals were deleted from the statistics to keep the sweeps from contaminat-
ing the dust impact measurements.
The striking feature of Figure 2 is the relationship between the sign of the space-
craft potential in panel [b] and the sign of the dust voltage impact signal in panels [d]
and [e]; negative polarity spacecraft potential tends to produce negative impulse TDS
events δV2 = V2 − VG, i.e. positive perturbations to VG assuming a fixed V2. This is
consistent with the idea that a negatively charged spacecraft VSC < 0 repels the dust
cloud electrons producing a positive voltage perturbation δVG (therefore a negative
perturbation to δV2 = V2 −VG), and vice-versa. Note that this behavior is consistent
with plasma cloud ions and electrons having temperatures on the order of ∼1 V, as
described further below.
Note also that in some cases of high density (panel [a]) and therefore negative
VSC (panel [b]), there appears to be enhanced overall count levels (panel [c]), sug-
gesting that the spacecraft floating voltage may influence or modify the overall dust
impact rate by perhaps providing a threshold for the measured charge.
This effect can also be seen by examining the waveforms themselves; we use
waveforms from April 3, 2019, the interval between green vertical bars in Figure 2.
Figure 3 shows superposed-epoch averaged waveforms, with 1σ deviations, and or-
ganized by intervals of spacecraft potential VSC. The number of waveforms used to
compute the average and variance in each row is given in column 2 of Table 1. Each
individual waveform is shifted to start at t=0 by finding the initial perturbation above
5 ∗ Vnoise, where Vnoise is the RMS level of the first 4 ms of the waveform (before the
dust signal). This level is typically Vnoise ≈ 0.5 mV. While there is considerable vari-
ability between the waveforms, they generally exhibit some common features: an
initial rapid negative excursion, a peak at T . 0.1 ms, and another peak at 0.2 . T .
0.5 ms. The voltage impulse settles back to Vnoise at times T & 2 ms. The average
waveforms are plotted together in Figure 4 and colored for range of VSC, with several
timescales annotated and collected in Table 1.
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Table 1. Parameters associated with TDS epoch-averaged waveforms in Figure 4 and plasma
parameters as described in the text.
VSC # 〈ne〉 〈Te〉 〈Ti〉 〈τpe〉 〈τce〉 〈τSC〉 T1 [ms] T2 [ms] T3 [ms] T4 [ms] T5 [ms]
[V] [cm−3] [eV] [eV] [ms] [ms] [ms] 1st z/c 2nd peak 2nd z/c 3rd peak → Vnoise
(−2.5,−1.5) 19 571 25 9 0.005 0.436 0.244 - 0.037 0.310 0.463 3.346
(−1.5,−0.5) 31 515 25 10 0.005 0.448 0.256 0.013 0.076 0.176 0.286 4.208
(−0.5, 0.5) 19 352 32 13 0.006 0.403 0.421 0.002 0.066 0.165 0.266 3.532
(0.5, 1.5) 57 177 28 11 0.008 0.369 0.797 0.006 0.061 0.192 0.294 2.786
(1.5, 2.5) 84 163 30 11 0.009 0.366 0.927 0.006 0.043 0.175 0.288 2.395
The columns in Table 1 list (left-to-right) the interval of VSC in Volts, the num-
ber of waveform events in that interval, the average plasma density 〈ne〉 , electron
core temperature 〈Te〉, ion temperature 〈Ti〉, the electron plasma period 〈τpe〉, elec-
tron cyclotron period 〈τce〉, the spacecraft RC time 〈τSC〉 and timescales associated
with the 1st zero-crossing, 2nd peak, 2nd zero-crossing, 3rd peak, and relaxation to
Vnoise (zero) respectively, as annotated in Figure 4. In addition, all waveforms with
VSC > −1.5V show a small (negative) 1st peak at T ≈ T1/2, although these values
start to approach the granularity of the measurement 1/(1.92 MSa/s) ∼ 0.53 µs. The
antenna RC charging time can be estimated as τA ' (CATph)/Ibias, which takes val-
ues of 0.01 to 0.04 ms during Encounter 2 and is generally less than the spacecraft
RC charging time τSC ' (CSCTe)/(ASC nee vth,e) column 8 in Table 1. We estimate
CSC as the free space capacitance of a 1m radius sphere CSC ≈ 110 pF. Note that we
use the thermal electron temperature to estimate τSC, rather than the photoelectron
temperature (Zaslavsky, 2015) since the spacecraft body is not illuminated; using Tph
would result in smaller values of τSC by a factor of ∼10.
Models of dust waveform signatures associate characteristic timescales with the
ion and electron collection and escape processes (Zaslavsky, 2015; Meyer-Vernet et al.,
2017; Kellogg et al., 2020; Shen, 2020). In particular, escape timescales τe ∼ RSC/ve
and τi ∼ RSC/vi can be estimated (Shen, 2020) using impact cloud electron and ion
temperatures ve and vi (Collette et al., 2016), where RSC ∼ 1m is the spacecraft scale
size. If we assign the values of our first peak T1/2 with an electron timescale RSC/ve
and our second peak T2 with an ion timescale RSC/vi we find escape speeds of ve ≈
150-1000 km/s (∼0.3 - 3 eV) and vi ≈ 15-30 km/s (∼1-5 eV, assuming protons). These
energies are consistent with laboratory measurements of dust cloud plasma temper-
atures (Collette et al., 2016). Again, note that there is little or no peak at T1/2 for the
waveform with VSC < −1.5V (the most negative values). Note that the timescales as-
sociated with the dust impacts arise from charging interactions between the electrons,
ions, and the spacecraft, which will be convolved to produce the probe-spacecraft
voltage impulse. Our analysis here is very simple and only to suggest that there are
multiple timescales evident in the measurement and they can be associated with elec-
tron and ion motion. The voltage amplitudes of the waveforms are also interesting
and presumably related to the charge generated during impact and the fractions col-
lected and repelled.
4 Conclusions
We show that the sign of the voltage waveforms and onboard voltage extrema
are influenced by the DC spacecraft floating potential in a way that is consistent with
models of dust plasma cloud dynamics. Timescales associated with the waveforms
are broadly consistent with expectations for electron and ion escape energies, and
those in turn are at appropriate energies to be influenced by the O(± 2V) spacecraft
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potential measurement. As noted above, the measured VSC may not represent the
true floating potential of entire spacecraft-heatshield system; as our models of dust
plasma cloud escape become more sophisticated, these waveforms may add insight
to the actual floating potential of the PSP spacecraft-heatshield system.
More detailed, and statistical, analysis of the PSP/FIELDS dust data is likely
to add insight to the physics of dust plasma cloud dynamics, and well as the global
distribution of interplanetary dust.
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Figure 2. An overview of PSP Encounter 2 data, with perihelion at 35.7 RS on April 5, 2019. Panel
[a] is the total plasma density computed from the QTN spectrum. Panel [b] is the spacecraft po-
tential proxy VSC, colored for polarity (red > 0, blue < 0). Panel [c] is the number of dust hits in
30 minute intervals estimated from |V2|, showing an increase towards perihelion. Panel [d] is the
number of dust hits in 30 minute intervals with positive polarity, where red dots are intervals of
VSC > 0. Panel [e] is the number of dust hits in 30 minute intervals with negative polarity, where
blue dots are intervals of VSC ≤ 0. Panel [f] is the value of the applied bias current in µA. Spikey
events are twice-daily bias sweeps, and an interval of no bias is indicated. Green vertical bars show
the interval of April 3, 2019 with a large change of density and spacecraft potential/polarity. This
figure shows clearly that intervals of negative (positive) VSC correspond to clear enhancements in
dust impulses with positive (negative) dominated TDS events; note that TDS measures V2 - VG, so
that rapid voltage changes in VG appear opposite polarity.
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Figure 3. Superposed epoch plots of V2 monopole TDS waveform events, organized by space-
craft floating voltage VSC. The black curve is the average waveform and error bars are one-sigma
variations. The instrument saturates at ≈ ± 1100 mV. Table 1 collects the parameters associated
with these intervals. Notably, the top panel with VSC < -1.5V shows that the typical waveform has
its peak value with V2-VSC < 0.
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Figure 4. Epoch-averaged waveforms binned and colored by spacecraft potential. These are the
average waveforms from Figure 3. Note that the waveform with VSC < -1.5V is opposite polar-
ity to the others at both the primary peak at T2 and the secondary peak at T4. Table 1 collects the
waveform and plasma parameters.
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